Laser machining is expected that it fabricate a 3D microstructure in transparent material without bonding. The microstructures in glass materials are required for optical waveguides and micro fluidic chips. In laser micromachining for glass, a specific laser which is a very short pulse laser (i.e. femto-second laser [1] [2]) is often used for machining the glass without cracks. In other methods, use of absorbent materials and high processable glass materials as work pieces are also effective for non-crack machining. Especially, a method of machining by femtosecond laser [3] and machining with absorbent materials are suited for micromachining in glass materials. This is because selective laser absorption in glass materials is required. In femto-second laser machining, it is possible to absorb the laser beam selectively by nonlinear absorption. In machining with absorbent materials, the laser beam is absorbed at the interface between glass and absorbent materials, and only a part of glass contacted with the absorbent is removed. It is possible to machine the glass even by nano-second laser, which is less expensive than femto-second laser. Therefore, the authors investigated the method of machining the microchannel in silica glass with absorbent materials by UV nano-second pulsed laser. In this method, the liquid-like absorbent is required for continuous supply of absorbent and evacuation of the debris. As a method of machining glass with liquid absorbent,
INTRODUCTION
Laser machining is expected that it fabricate a 3D microstructure in transparent material without bonding. The microstructures in glass materials are required for optical waveguides and micro fluidic chips. In laser micromachining for glass, a specific laser which is a very short pulse laser (i.e. femto-second laser [1] [2] ) is often used for machining the glass without cracks. In other methods, use of absorbent materials and high processable glass materials as work pieces are also effective for non-crack machining. Especially, a method of machining by femtosecond laser [3] and machining with absorbent materials are suited for micromachining in glass materials. This is because selective laser absorption in glass materials is required. In femto-second laser machining, it is possible to absorb the laser beam selectively by nonlinear absorption. In machining with absorbent materials, the laser beam is absorbed at the interface between glass and absorbent materials, and only a part of glass contacted with the absorbent is removed. It is possible to machine the glass even by nano-second laser, which is less expensive than femto-second laser. Therefore, the authors investigated the method of machining the microchannel in silica glass with absorbent materials by UV nano-second pulsed laser. In this method, the liquid-like absorbent is required for continuous supply of absorbent and evacuation of the debris. As a method of machining glass with liquid absorbent, LIBWE (Laser-Induced Backside Wet Etching) method was reported [4] . However, in LIBWE method, the high concentrated organic solution is used as the absorbent material. In this research, it is proposed the method of machining in glass materials with absorbent slurry which is water including metal-oxide nanoparticles as absorbent instead of harmful organic solution.
LASER MICROMACHINING SYSTEM
Laser micromachining system is shown in Figure  1 . A Laser source is the UV nano-second pulsed laser (COHERENT AVIA355-3000) which is 355nm in wavelength and 40ns in pulse duration. The laser beam is focused by a lens, and the minimum spot size of the laser beam is 9.17μm. Laser irradiated spot is moved by moving the silica glass horizontally by XY stage, and the focal point is moved by moving the lens vertically by Z stage. The bottom of a silica glass as a work piece is contacted with the absorbent slurry, as shown in Figure 1 (b). The laser beam goes through the silica glass and is absorbed by absorbent slurry at the interface between the silica glass and the absorbent slurry. The absorbent slurry is CeO 2 (average particle size: 14nm), TiO 2 (36nm) and ZnO (34nm) particles in water. These materials are generally used for UV screening. The absorbent slurry is stirred by magnet stirrer to prevent precipitation.
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FIGURE 1. Laser micromachining system

MACHINING EXPERIMENT
Machining Grooves
Through the surface machining experiment, it was confirmed machining capability, and machining characteristics were investigated in the proposed method. A groove on the backside of the glass was machined by scanning with laser beam linearly. After ultrasonic cleaning with NaOH (1mol/l), the groove was measured by laser microscope (KEYENCE VK-9500), and it was investigated the relationship between machining conditions and the depth of the groove. Machining conditions were pulse energy: E (μJ), defocus: d (μm), concentration of absorbent: c (wt%), scan speed: v (μm/s), pulse frequency: F (kHz) and number of scan times: n.
CeO 2 was the most efficient of three for machining in proposed method. With larger pulse energy or smaller absolute value of the defocus, the radiated laser beam had higher intensity and machined the deeper grooves, in Figure 2 (a) and (b). As shown in Figure 2 (c), higher concentrated absorbent slurry had higher energy conversion efficiency, and the deeper groove was fabricated. As shown in Figure 2(d) , (e) and (f), the depth of the groove was inversely proportional to scan speed and proportional to pulse frequency and number of scan times. These parameters determine the number of laser pulses radiated in unit area. Therefore, the depth of the groove is proportional to the number of the laser pulses. 
Machining Holes
The machining characteristics in machining in the glass were investigated through a vertical micro hole machining from the backside of the glass. The hole was fabricated by scanning with laser beam in 50μm-square area repetitively. A focal point was moved 1μm up per scanning around the area. As shown in Figure 3 , machining rate was constant in machining with TiO 2 and ZnO. In the case of CeO 2 , amount of machining became small when the laser scanned the machined area more than 40 times. It is caused by small laser intensity at machined surface because of a large distance between machined surface and focal spot. Then, the holes machined by moving focal point 2 or 3 μm up per scan as compensation of defocus. The deep vertical hole with at most 1 mm in depth was fabricated, as shown in Figure  4 , and its aspect ratio was over 17. However, in Figure 4 (b), cracks were occurred at the end of the hole because of high laser intensity. Furthermore, it is difficult to fabricate a deeper hole than this. It is considered that this is because the bubbles generated on machining blocked up the hole and the absorbent slurry enough for machining were not supplied at the machined area. As shown in Figure 5 , a tilted micro hole was fabricated by moving the machined area horizontally by degrees. It was possible to fabricate the hole which was tilted at an angle of 30 degrees below to laser axis. In trying to machine a hole with over 30 degrees tilt, instead of the tilted hole, the groove was fabricated because the backside of the glass was machined.
FIGURE 3. Relationship between number of scan times and depths of micro holes
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FIGURE 4. Deep hole in silica glass
50 μm
FIGURE 5. Tilted hole in silica glass
Machining Microchannels
It was investigated to machine bended microchannels in glass as an element of the 3D microchannels. The microchannels which was bended at a right angle was fabricated. In machining the bended microchanels, after fabricating a vertical hole, the glass with the hole was rotated by 90 degrees, and another hole was drilled by laser from the side wall of the hole previously fabricated. The debris was expected to disperse into the absorbent slurry. According to this procedure, the bended microchannel with two corners was fabricated, as shown in Figure 6 . This indicated it was possible to fabricate microchannels in silica glass in the proposed method. However, it was difficult to fabricate the long microchannels. As in the case of the deep vertical hole, it is considered that this is because of blocking the hole with bubbles.
DISCUSSION
Through the experiments, it was found that CeO 2 and TiO 2 were better than ZnO as absorbent particles. Absorbed fraction of ZnO is not lower than CeO 2 and TiO 2 . Therefore, it is influenced by the efficiency of energy conversion FIGURE 6. Bended microchannel in silica glass or transfer. In machining long channels, it is required to remove the bubbles which block up the channels and prevent the supply of the absorbent slurry. Therefore, it is important to analyze components of the bubbles. The roughness of side wall also needs improvement.
The roughness was submicron order in Ra, and the required roughness is less than 10 nmRa. It is considered that this is caused by micro cracks and adhesion of melted glass.
CONCLUSIONS
For 3D micro fabrication in silica glass, the method of machining by UV nano-second pulsed laser with absorbent slurry was proposed.
Through the experiments, the machining characteristics in the proposed method were investigated. According to the proposed method, it was possible to fabricate following microstructures in silica glass. The deep hole with about 1 mm in depth was fabricated, and its aspect ratio was over 17. Moving machined area by degrees, the hole tilted about 30 degrees to laser axis was also fabricated. Furthermore, by rotating the glass and radiating the laser beam to the side of the machined hole, the bended microchannel with two corners was fabricated. These microstructures can be applied to constituent element of microfluidics and MEMS.
